Here we report the successful production of nanofibers from main-chain polybenzoxazines (MCPBz) via electrospinning without using any other carrier polymer matrix. Two different types of MCPBz (PBA-ad6 and PBA-ad12) were synthesized by using two types of difunctional amine (1,6-diaminohexane and 1,12-diaminododecane), bisphenol-A, and paraformaldehyde as starting materials through a Mannich reaction.
Introduction
Polybenzoxazine is a newly developing phenolic type thermoset resin, which has attracted much interest in recent years because of its fascinating properties, such as near-zero volumetric change upon curing, low water absorption, high glass transition temperature, high char yield and no by-products without any catalysts during curing [1] . In addition, the molecular structure of polybenzoxazines facilitates immense design flexibility which enables tailoring the properties of the cured material for a wide range of applications [1e3] . Conventionally, benzoxazine monomers are synthesized from a phenolic derivative, a primary amine, and formaldehyde by solution or solventless method [1] . The polymerization of benzoxazines can be accomplished by means of thermally induced ring-opening reaction with or without initiator and/or catalyst. In recent years, a new type of benzoxazine has been developed in which oxazine rings are the main component of the polymer chain; main-chain polybenzoxazine (MCPBz) [1,4e20] . The MCPBz can be obtained by using difunctional amines and phenolic derivative, and they can also be synthesized as repeating unit of a polymer chain, block copolymer or as a side chain as well [1,4e20] . The thermal and mechanical performance of polybenzoxazine thermosets obtained from MCPBz are affirmed to be excellent than those obtained from the benzoxazine monomers [12] . In other words, some of the characteristics; for instance easy processibility, flexibility, high density of crosslink after curing and lower fragility for cured end-structures were achieved for polybenzoxazines. In one respect, MCPBz have potentials as an easy processable and crosslinkable thermoplastic, which become thermosets at w200 C via ring opening of oxazine ring by thermal activation [21, 22] .
Electrospinning is quite versatile and cost effective technique which facilitates the production of nanofibers from variety of polymers, polymer blends, solegels, composites and ceramics, etc [23, 24] . In principle, a continuous filament is formed from polymer solution or polymer melt under high electric field which resulted in fibers with diameter ranging from tens of nanometers to a few microns [23] . The morphological characteristics and the diameter of the electrospun nanofibers are governed by process parameters such as applied voltage, tip-to-collector distance, flow rate of the polymer solution and nozzle diameter. On the other hand, intrinsic properties such as polymer type, molecular weight, solvent, concentration, surface tension and conductivity of the polymer solution and fluid elasticity have shown a great influence [23, 24] . Notably, environmental conditions such as humidity and temperature also play a crucial role [23, 24] . Nanofibers produced by electrospinning have several appreciable features such as a very large surface area to volume ratio and nanoscale pores. In addition, materials having nanofibrous structure exhibit distinctive chemical, physical and mechanical properties when compared to their bulk or film forms. The unique properties and multifunctionality of such nanofibrous structures are suitable in variety of application areas including healthcare, filtration, textiles, environmental, energy, electronics, sensors, etc [23e29] .
Although a large number of studies on polybenzoxazines are appeared in the literature, only a very few reports are found in the literature on electrospinning of polybenzoxazines [30e34]. Si et al. reported on the synthesis of 1D mesoporous polybenzoxazine (PBZ)-based Fe 3 O 4 @carbon nanofibers (CNFs) which exhibit an extremely high surface area as well as efficient adsorption for organic dyes and facilely magnetic separation property [30] . Further, the same group reported on the fabrication of 1D PBZ-based magnetic CNFs with hierarchical porous structure by a combination of electrospinning and in situ polymerization [31] . In addition, Ren et al. reported on the fabrication of hierarchical porous magnetic CNFs which comprised graphitic fibers and Fe 3 O 4 nanocrystals where electrospun polyacrylonitrile/polybenzoxazine (PAN/PBZ) fibers are employed as a composite carbon source [32] . Kao et al. prepared a blend of the poly(3-phenyl-3,4-dihydro-2H-1,3-benzoxazine) and PAN to produce low-surface-free-energy fibers for biononfouling membrane without fluorine and silicon elements [33] . Li and Liu reported polyelectrolyte composite membranes of polybenzimidazole and cross-linked polybenzimidazole/polybenzoxazine electrospun nanofibers for proton exchange membrane fuel cells [34] . The aforementioned studies always used additional polymers as a carrier matrix or main polymeric matrix for the electrospinning of nanofibers incorporating polybenzoxazine. However, to the best of our knowledge, this will be the first report on electrospinning of nanofiber from polybenzoxazine resins without blending with any other polymeric matrix.
In this study, we mainly focus on the optimization of electrospinning conditions in order to produce uniform and bead-free nanofibers from polybenzoxazines by itself without blending with a polymeric matrix. For this purpose, two different MCPBz were synthesized by using two different difunctional amine (1,6-diaminohexane and 1,12-diaminododecane), bisphenol-A and paraformaldehyde as starting materials through a Mannich reaction. Afterwards, electrospinning was performed for different MCPBz concentrations in chloroform/DMF (4:1, v/v) solvent system in order to produce uniform and bead-free nanofibers from these two MCPBz. Furthermore, curing studies were performed to obtain thermoset polybenzoxazine nanofibers, yet, MCPBz nanofibers could not retained their fibrous structure due to their low melting point.
Experimental

Materials
Paraformaldehyde (SigmaeAldrich, 95%), bisphenol-A (Sigmae Aldrich, 97%), 1,6-diaminohexane (Aldrich, 98%) and 1,12-diaminododecane (Aldrich, 98%) were used without further purification. Chloroform (SigmaeAldrich, 99%), N,N-dimethylformamide (DMF, Fluka, 98%), methanol (SigmaeAldrich, 99.7%) and tetrahydrofuran (Merck, 99.7%) were used as received. FTIR grade potassium bromide (SigmaeAldrich, 99%) and deuterated chloroform (Merck, 99.8%) were used for FTIR and NMR spectroscopies, respectively.
Synthesis of main-chain polybenzoxazines (MCPBz); PBA-ad6 and PBA-ad12
Two different types of MCPBz were synthesized from two different difunctional amines (1,6-diaminohexane and 1,12-diaminododecane), bisphenol-A and paraformaldehyde as starting materials by using solvent method. The MCPBz named as PBA-ad6 was synthesized from 1,6-diaminohexane (25 mmol), bisphenol-A (25 mmol) and paraformaldehyde (100 mmol) in a 1:1:4 M ratios. Reactants were taken in a 500-mL round-bottom flask and 250 mL of chloroform was added to the reaction mixture. Then, the solution mixture was refluxed for 7 h at 60 C. Afterwards, chloroform was evaporated completely from the solution by using rotary-evaporator system and the product were dried under vacuum at 45 C for 24 h. In order to remove any residual reactants, PBA-ad6 was purified by washing through with cold methanol several times and then dried under vacuum at 45 C for 24 h. Overall yield of the synthesized PBA-ad6 was 83%. According to the GPC measurements, weight average molecular weight (M w ) and polydispersity index of this sample was calculated as w11,500 and 4.7, respectively. Similar procedure was followed for the synthesis of PBA-ad12; 1,12-diaminododecane (25 mmol), bisphenol-A (25 mmol) and paraformaldehyde (100 mmol) were put in a 500-mL round-bottom flask and 250 mL of chloroform was added to the reaction mixture. In this case, the solution was refluxed for 10 h at 60 C. For PBA-ad12, the drying and purification steps were same as PBA-ad6. Overall yield of the synthesized PBAad12 was 71%. According to the GPC measurements, weight average molecular weight (M w ) and polydispersity index of this sample was calculated as w17,000 and 5.3, respectively.
Electrospinning of PBA-ad6 and PBA-ad12 nanofibers
The homogenous solutions of MCPBz (PBA-ad6 and PBA-ad12) were prepared in different concentration in chloroform/DMF mixture solvent system (chloroform:DMF; 4:1, v/v). For the electrospinning of PBA-ad6 nanofibers, solution concentration was varied from 30% to 45% (w/v) and the clear and light yellow color solutions were obtained after stirring for 3 h at room temperature. For the electrospinning of PBA-ad12 nanofibers, 15%, 18% and 20% (w/v) solution concentrations were prepared and solutions were stirred for 6 h to obtain a clear and homogenous solutions. The solutions were taken in 1 mL syringes with metallic needle of 0.6 mm outer diameter. The syringe was positioned horizontally on the syringe pump (KD Scientific, KDS 101) and the positive electrode of the high voltage power supply (Matsusada Precision, AU Series) was clamped to the metal needle ( Fig. 1) . In order to optimize the electrospinning parameters, flow rate of the polymer solution (0.5e1.5 mL/h), applied voltage (10e20 kV) and tip-tocollector distance (10e20 cm) were varied within the ranges given in the parenthesis. The most favorable results were obtained when the electrospinning parameters are 0.5 mL/h, 12.5 kV, 10 cm for the electrospinning of PAB-ad6 nanofibers and 1 mL/h, 15 kV, 15 cm for the electrospinning of PAB-ad12 nanofibers. In all cases, the electrospinning was carried out in a horizontal position at 24 C and 18% relative humidity in a completely enclosed plexiglas box. Electrospun nanofibers were collected on a grounded stationary cylindrical metal collector covered by a piece of aluminum foil. After the electrospinning, the collected nanofibrous mats were dried over night at 25 C under vacuum in order to remove any residual solvent.
Measurements and characterization
The structure of the synthesized PBA-ad6 and PBA-ad12 were confirmed by proton nuclear magnetic resonance ( 1 H NMR, Bruker
Advance III 400 MHz) spectrometer. Samples were prepared by dissolving about 20 mg/mL polybenzoxazines in deuterated chloroform (CDCl 3 ). 1 H NMR spectra of the samples were measured with 16 scans in the range of 0e10 ppm. Fourier transform infrared (FTIR, Bruker-VERTEX70) spectrometer was employed to verify the structure of the synthesized compounds and also ring opening of PBA-ad6 and PBA-ad12 during the curing process. FTIR spectra were obtained with 64 scans at a resolution of 4 cm À1 within 4000e400 cm À1 range. Cured PBA-ad6 samples were prepared by grinding with KBr in a ratio around 3:100 (3 mg sample:100 mg KBr) and then compressed to form discs. On the other hand, PBAad12 nanofibrous mat formed very fine film during the thermal treatment thus, its FTIR spectra was taken directly from the film without mixing with KBr. Molecular weight and molecular weight distribution of the PBA-ad6 and PBA-ad12 were determined by gel permeation chromatography (GPC, Waters) equipped with Waters 515 HPLC pump, Stragel HR 3e4 columns and refractive index detector. THF used as the mobile phase at a flow rate of 1 mL/min. Samples were dissolved in the THF at approximately 10 mg/mL (PBA-ad6) and 5 mg/mL (PBA-ad12) and filtered through a 0.45 mm teflon filter prior to being injected. Calibration of the system was performed with polystyrene standards having molecular weight of 500e1 Â 10 6 g/mol. Calibration curve obtained from PS standards with K (1.9 Â 10 À4 dL/g) and a (0.68) values at room temperature in THF solvent were used for the calculation. Molecular weights of the samples were calculated by using same K and a values as the PS standards. A rheometer (Physica MCR 301, Anton Paar) equipped with a cone/plate accessory (D:25 mm) was used to measure the viscosity of the PBA-ad6 and PBA-ad12 solutions in chloroform/ DMF (4:1, v/v) with a constant shear rate of 100 s À1 at 22 C. Results recorded with 33 rotation of the cone/plate for each sample and averages of these measurements were calculated. Scanning electron microscope (SEM, Quanta 200 FEG, FEI) was used to investigate the morphology and the diameter distribution of nanofibers. Samples were coated with 5 nm Au/Pd (PECS-682) prior to the SEM imaging and the average fiber diameter (AFD) was calculated by analyzing around 100 fibers from the SEM images. Differential scanning calorimetry (DSC, TA Instruments Q20) experiments were conducted to study thermal transitions of MCPBz nanofibrous mats under nitrogen atmosphere at a heating rate of 10 C/min. Thermal stability experiments were carried out with thermogravimetric analyzer (TGA, Q500, TA Instruments) by starting from room temperature to 800 C under nitrogen gas at a heating rate of 20 C/min.
Curing studies of PBA-ad6 and PBA-ad12 nanofibrous mats
In order to obtain cross-linked polybenzoxazine, curing experiments were performed for PBA-ad6 and PBA-ad12 nanofibrous mats in a standard temperature control oven. Initially, a piece of sample (w2 Â 5 cm) from each nanofibrous mat were put in the oven and kept for 1 h at different temperatures (50 C, 60 C, 75 C, 90 C, 100 and 120 C) separately to observe the change in fiber morphology with thermal treatment. Afterwards, step curing was performed for PBA-ad6 and PBA-ad12 mats by heating additional 1 h at each temperature (75 C, 90 C, 120 C, 150 C, 180 C and 220 C) and small amount of sample was taken from each MCPBz mat at different temperatures to investigate the ring opening reaction by FTIR.
Results and discussion
Structural characterization of PBA-ad6 and PBA-ad12
Two different types of MCPBz; PBA-ad6 and PBA-ad12 were synthesized in solution by using difunctional amines (1,6-diaminohexane and 1,12-diaminododecane), bisphenol-A and paraformaldehyde as precursors. The structure of the synthesized PBA-ad6 and PBA-ad12 were confirmed by 1 H NMR and FTIR spectroscopies ( Fig. S1 and S2 ; see in Supporting Information). The proposed chemical structures and 1 H NMR spectra of PBAad6 and PBA-ad12 are given in Fig. S1 . The characteristic benzoxazine resonances attributed to the methylene units of oxazine ring; OeCH 2 eN and the Ar-CH 2 -N raised as singlets at 3.94 and 4.82 ppm for PBA-ad6 and 3.95 and 4.84 ppm for PBA-ad12, respectively. Resonance bands of aliphatic protons were observed at 1.36 and 2.73 ppm for PBA-ad6, and 1.27 and 2.74 ppm for PBA-ad12. In addition, resonance bands of methyl group protons of bisphenol-A appeared at 1.60 ppm as singlet and aromatic structure resonance bands observed at 6.68e6.98 ppm region as multiplet for both of the polybenzoxazine [20,35e37] . In brief, the 1 H NMR data confirm the successful synthesis of the two MCPBz. Moreover, generally resonance around 3.7 ppm assigned for the Mannich bridge protons of open oxazine rings were not observed in the 1 H NMR spectra of synthesized MCPBz. The 1 H NMR results indicated that the synthesized MCPBz were free of ring-opened oligomers and purification with cold methanol was good enough to obtain high purity MCPBz. Fig. S2 represents the FTIR spectra of the PBA-ad6 and PBA-ad12. In the case of FTIR data, the characteristic peaks of the benzoxazine structure were observed at exactly the same wavenumbers with different intensities for both MCPBz. Initially, existence of the strong band at 936 cm À1 which is ascribed to the benzene ring mode that is attached to the oxazine ring was the great evidence for the synthesis of target MCPBz. In addition, the very intense and sharp band existing at 1503 cm À1 is due to the in-plane CH bending mode of the tri-substituted benzene ring and the strong band appearing at 1232 cm À1 is due to the aromatic ether stretching of CeOeC. These peaks confirmed the presence of benzoxazine ring structure in MCPBz samples. Apart from these, strong and sharp bands were observed at 2928 and 2848 cm À1 correspond to the antisymmetric and symmetric stretching of CH 2 groups in the aliphatic regions. Relatively medium intensity band at 824 cm À1 is from the CH out-of-plane bending mode of the tri-substituted benzene rings. The FTIR spectra of MCPBz samples correlate with the literature [35e38] and prove that the synthesis of PBA-ad6 and PBA-ad12 were successfully achieved.
Electrospinning of PBA-ad6 nanofibers
Electrospinning of PBA-ad6 nanofibers was achieved by using chloroform/DMF (4:1, v/v) solvent system. The concentration of the PBA-ad6 solution was varied from 30% to 45%(w/v) to find out the most favorable concentration required for bead-free and uniform nanofibers. Table 1 summarizes the properties of PBA-ad6 solutions and the morphological features of the electrospun nanofibers. When the concentration of the solution increased from 30% to 45% (w/v), the viscosity of the solution increased as well. This is an expected result which is due to the higher number of polymer chain entanglement and overlapping at higher solution concentration. Fig. 2 represents the SEM images and fiber diameter distribution of PBA-ad6 nanofibers electrospun from 30%, 35%, 40%, and 45% (w/ v) polymer solutions. Electrospinning of 30% (w/v) PBA-ad6 solution resulted beaded morphology with ultrafine fibers having diameter range of 100e400 nm (AFD ¼ 260 AE 70 nm) (Fig. 2a,b) . At low solution viscosity, it is common to observe beads along with the fibers because of the higher amount of solvent and fewer chain entanglements causing a prevailing effect during electrospinning [23, 39] . As the polymer concentration increased from 30% to 35% (w/v), the number of beads decreased dramatically and elongated beaded nanofibers in the range of 300e1000 nm diameter (AFD ¼ 590 AE 138 nm) were produced (Fig. 2c,d ). This is due to the relatively lower viscosity which resulted in destabilization of the electrified jet during the electrospinning process and thus caused the formation of elongated beads instead of uniform fibers. When the polymer concentration reached to 40% (w/v) in solution, transformation from beaded nanofibers to bead free nanofibers was achieved. The increase in the viscosity which is due to the higher polymer chain entanglements in the solution is required for the electrospinning jet to be fully stretched for uniform fiber formation [23] . Bead-free nanofibers were produced at 40% (w/v) and 45% (w/v) for PBA-ad6 solutions emphasizing the requirement of high solution viscosity. However, nanofibers electrospun from 40% (w/v) PBA-ad6 solution were more uniform and finer (AFD ¼ 745 AE 136 nm, fiber diameter distribution: 400e1100 nm) than the that of 45% (w/v) PBA-ad6 solution (AFD ¼ 1618 AE 576 nm, fiber diameter distribution: 400e3200 nm) (Fig. 2eeh) . Notably, with the increase in viscosity/concentration, the diameter of the electrospun fiber also increases. As it is observed from the SEM images (Fig. 2) , the diameter of PBA-ad6 nanofibers spanned from nanometer to micron scale when the concentration of the polymer solution increased. The reason for increase in fiber diameter is the greater resistance of the solution to be stretched because of the more chain entanglements at higher polymer concentration [23] .
Electrospinning of PBA-ad12 nanofibers
Electrospinning of PBA-ad12 nanofibers was also performed in chloroform/DMF (4:1, v/v) solvent system similar to that of PBAad6. According to GPC measurements, PBA-ad12 has a higher molecular weight (Mw w17,000) than PBA-ad6 (Mw w11,500) because of its longer alkyl chain structure. As it is known, the molecular weight of the polymer stand for the length of the polymer chain, which affects the viscosity of the solution since the polymer chain length determines the amount of entanglement of chains in a solvent [23] . Therefore the solution properties and electrospinning parameters of this polymer is expected to be different. Table 1 summarizes the solution characteristics and the morphological findings of the electrospun PBA-ad12 nanofibers. As mentioned earlier, higher molecular weight and longer chain causes more chain entanglements, thus electrospinning of PBA-ad12 was performed at relatively lower polymer concentrations. For this polymer, nanofibers were electrospun from 15%, 18% and 20% (w/v) polymer solutions to determine the most suitable concentration for obtaining bead-free and uniform nanofibers. Fig. 3 illustrates the SEM images of the nanofibers electrospun from these three solutions. Although, the concentrations of the solutions were very close to each other, there was distinct differences between the viscosities (Table 1 ) of these solutions which greatly affect the morphology and the AFD of the resulting electrospun nanofibers (Fig. 3) . As it is observed from the SEM images, 15% (w/v) PBA-ad12 solution yielded beaded nanofibers having diameter range of 200e 750 nm (AFD ¼ 430 AE 110 nm) because of the low viscosity of the polymer solution (Fig. 3a,b) . Solely, bead-free and uniform nanofibers were obtained when the PBA-ad12 solution concentration was at 18% (w/v). The diameter of the nanofibers electrospun from 18% (w/v) PBA-ad12 solution was ranging between 400 and 1500 nm (AFD ¼ 805 AE 220 nm) (Fig. 3c,d ). It is a typical behavior of polymeric systems in the electrospinning process that beaded nanofibers transform to bead-free fibers when the concentration and/or viscosity of the polymer solution is optimized [23] . The viscosity of this solution was high enough to stretch with electrified continuously resulting in a bead-free and continuous morphology. When the concentration of the PBA-ad12 solution increased to 20% (w/v), the fiber diameter distribution became broader (1000e 3200 nm) and the diameters of the fibers became thicker (AFD ¼ 1840 AE 610 nm) because of the high solution viscosity (Fig. 3e,f) .
Curing studies of PBA-ad6 and PBA-ad12 nanofibrous mats
Nanofibrous mats obtained from these two MCPBz have shown some differences in mechanical properties. PBA-ad6 nanofibrous mat was kind of delicate and could not be separated from the aluminum foil completely in one piece (Fig. 4a) . On the other hand, PBA-ad12 nanofibrous mat can be easily handled and it has a flexible characteristic (Fig. 4b) . Moreover, their thermal properties are also different from each other because of the difference in their chemical structures. Fig. 5 shows the DSC thermograms of PBA-ad6 and PBA-ad12 nanofibrous mats. Melting transition was observed for PBA-ad6 and PBA-ad12 nanofibrous mats at 73 C and 42 C, respectively. This difference possibly arised from the longer alkyl chain of PBAad12 which caused the decrease in the melting point. In addition, two exothermic overlapping peaks centered at 205 C and 253 C for PBA-ad6; 203 C and 248 C for PBA-ad12 nanofibrous mats appeared in the DSC thermograms. The low temperature peaks could be attributed to the crosslinking reaction (of methylol groups) and the higher temperature peaks assigned to typical benzoxazine polymerization by the consumption of benzoxazine groups in the main chain [20] .
Conventionally, benzoxazine monomers and MCPBz are able to form cross-linked thermosets polybenzoxazines at w200 C by thermally activated ring opening polymerization [1] . In order to investigate the crosslinking behavior of PBA-ad6 and PBA-ad12 nanofibers, curing experiments were performed for these two nanofibers. Although melting transitions were observed in the DSC thermograms of the PBA-ad6 and PBA-ad12 nanofibers, SEM images were also taken from two MCPBz nanofibers after each temperature step to confirm the melting of nanofibers with thermal treatment (Fig. 6 ). As it is observed from the SEM images (Fig. 6c,d ), PBA-ad6 nanofibers have already started melting at w90 C and completely melted at 120 C. The fiber structure is deteriorated and a film formed. On the other hand, PBA-ad12 nanofibers started to melt at relatively lower temperatures, w50 C and completely melted at 75 C forming a film (Fig. 6gei) . This result correlates with the measured melting temperature of PBA-ad12 nanofibrous mats by DSC method. Since melting temperature was 42 C, we observed partially melted fiber morphology after keeping this sample 1 h at 50 C. Consequently, PBA-ad6 and PBA-ad12 nanofibrous mats could not preserve their fiber structure during the thermal treatment because of their low melting points and they became uniform film at 120 C (Fig. 6e,j) .
Nevertheless, curing studies were performed for these samples to determine curing temperatures of two MCPBz mats which can be used to produce composite materials by blending with other polymers. FTIR spectroscopy was used to investigate the structural changes of PBA-ad6 and PBA-ad12 films after heating at each curing temperatures, since characteristic peaks that observed at 936 cm À1 (benzene ring mode that is attached to the oxazine ring) and 1232 cm À1 (aromatic ether stretching of CeOeC) disappear with the ring opening reaction. Therefore, we were able to determine the proper temperature that is required for complete curing. Even though, there was a remarkable difference in melting transitions of these two MCPBz nanofibrous mats, no significant change observed at their curing temperatures in DSC thermograms, thus, curing studies were performed at same temperature steps. FTIR spectra of PBA-ad6 and PBA-ad12 mats that were step cured at 75 C, 90 C, 120 C, 150 C, 180 C and 220 C for 1 h at each step are given in Fig. 7 . As it is observed from the spectra, curing has not yet completed for both MCPBz mats at 120 C where they have fully melted and formed films (Fig 7e,j) , hence, we could not obtain cross-linked nanofibers. On the other hand, intensity of peaks at 936 cm À1 and 1232 cm À1 decreased with increasing of temperature from 120 C to 180 C and peaks have almost disappeared at 220 C which is the sufficient temperature for the curing of these two MCPBz mats. This result confirms the DSC findings where curing temperatures of PBA-ad6 and PBA-ad12 mats were measured as 205 C and 203 C, respectively. Finally, we obtained very fine and flexible films from both MCPBz (Fig. 4c,d) . Although, PBA-ad6 nanofibrous mat is brittle and not easily handable, after curing the sample gained better mechanical properties and we obtained more flexible cross-linked PBA-ad6 films. Yet, we observed that cured PBA-ad12 film was more flexible than cured PBA-ad6 film.
The thermal stability of MCPBz films after curing was studied by TGA. Fig. 8 shows the TGA thermograms and derivative weight losses of PBA-ad6 and PBA-ad12 films after curing. In addition to the FTIR results, one step thermal decomposition TGA thermograms also confirm the crosslinking of PBA-ad6 and PBA-ad12 films after heating up to 220 C by step curing. Td 5 and Td 10 values obtained from the TGA thermograms of MCPBz films are 328 and 360 C for PBA-ad6 films, 344 and 379 C for PBA-ad12 films, respectively. The char yield of PBA-ad6 film is 22.8% while this value is 12.7% for PBAad12 that can be explained by the longer alkyl chain of this MCPBz. As the length of alkyl chains increased, decrease in the char yield of MCPBz was observed.
Conclusion
Here, we report the first study that accomplished to produce bead-free and uniform polybenzoxazine nanofibers from MCPBz (PBA-ad6 or PBA-ad12) without using any carrier polymeric matrices. The morphological characterization of the electrospun MCPBz nanofibers carried out by SEM imaging revealed that the optimal electrospinning concentrations was 40% and 18% (w/v) for PBA-ad6 and PBA-ad12, respectively. In addition, the average fiber diameter and its distribution were calculated from SEM images and corresponding values were 745 AE 140 nm (between 400 and 1100 nm) and 805 AE 220 nm (between 400 and 1500 nm) for PBAad6 and PBA-ad12, respectively. PBA-ad12 nanofibrous mat was more flexible than PBA-ad6 nanofibrous mat which was possibly resulted from the longer chain structure and higher molecular weight. The fibrous structure could not be preserved during the thermal curing of PBA-ad6 and PBA-ad12 nanofibrous mats due to the low melting point of these MCPBz, yet, flexible and freestanding cross-linked films were obtained. As this is being the starting point of the electrospinning of polybenzoxazines without using carrier polymer matrix, this study provides the essential guidance for the production of nanofibers from different types of polybenzoxazines. Nonetheless, further developments are needed especially for the curing process without losing the fiber structure. Still, these nanofibers can be useful in composite material production with enhanced thermal and mechanical properties due to unique properties of polybenzoxazines. We anticipate that these MCPBz nanofibrous mats if curable while retaining their fiber morphology can be promising as high performance fibrous materials.
